Information on the abundance of Pfiesteria piscicida in the natural environment is needed for understanding the ecological roles of this dinoflagellate. In this study, a real-time polymerase chain reaction (PCR) assay was developed using mitochondrial cytochrome b upstream region and 18S rDNA (PpmtDNA and Pp18S), and the geographic and temporal distribution of P. piscicida was investigated in several locations. Both PpmtDNA and Pp18S generally gave similar results, indicating that P. piscicida was present at all studied regions along the American coast (from Maine to North Carolina along the US Atlantic coast and Los Lagos along the Chilean Pacific coast). Despite its widespread distribution, P. piscicida was only detected in 36% of the 431 water samples analyzed, and its abundance was generally low (<1.0-1.5 cells mL -1 ). Populations detected at the five stations in the Neuse River (North Carolina) and two stations in Chesapeake Bay (Maryland) were genetically homogeneous, whereas those from other locations appeared to be genetically diverse. It can be concluded that (i) the PpmtDNA-Pp18S real-time PCR assay is sensitive and specific for detecting and quantifying P. piscicida in the natural environment and (ii) P. piscicida is widespread along the American coasts, but normally only as a minor component of plankton even in the high-risk estuaries (Neuse River, Chesapeake Bay).
Information on the abundance of Pfiesteria piscicida in the natural environment is needed for understanding the ecological roles of this dinoflagellate. In this study, a real-time polymerase chain reaction (PCR) assay was developed using mitochondrial cytochrome b upstream region and 18S rDNA (PpmtDNA and Pp18S), and the geographic and temporal distribution of P. piscicida was investigated in several locations. Both PpmtDNA and Pp18S generally gave similar results, indicating that P. piscicida was present at all studied regions along the American coast (from Maine to North Carolina along the US Atlantic coast and Los Lagos along the Chilean Pacific coast). Despite its widespread distribution, P. piscicida was only detected in 36% of the 431 water samples analyzed, and its abundance was generally low (<1.0-1.5 cells mL -1 ). Populations detected at the five stations in the Neuse River (North Carolina) and two stations in Chesapeake Bay (Maryland) were genetically homogeneous, whereas those from other locations appeared to be genetically diverse. It can be concluded that (i) the PpmtDNA-Pp18S real-time PCR assay is sensitive and specific for detecting and quantifying P. piscicida in the natural environment and (ii) P. piscicida is widespread along the American coasts, but normally only as a minor component of plankton even in the high-risk estuaries (Neuse River, Chesapeake Bay).
I N T R O D U C T I O N
Pfiesteria piscicidas Steidinger et Burkholder is reported to be an ichthyotoxic ambush predator dinoflagellate responsible for massive fish kills in North Carolina and Maryland estuaries . While research results on the toxicity and life cycle of this and related species are at odds (e.g. Glasgow et al., 2001; Berry et al., 2002; Litaker et al., 2002; Peglar et al., 2004; Burkholder et al., 2005) , P. piscicida and related dinoflagellates are consistently observed to be voracious predators of larval fish and phytoplankton (Vogelbein et al., 2002; Lin et al., 2004) . Since the first discovery of P. piscicida in fish aquaculture facilities in 1988, and in the Neuse and Pamlico Rivers of North Carolina in 1991 (Burkholder et al., 1992) , this species has been detected in estuaries from Florida to New York on the east coast of the United States and in northern Europe (for review, see Burkholder et al., 2001 and Rublee et al., 2005a,b) .
Information on P. piscicida abundance is essential for understanding the role of this dinoflagellate in estuarine ecosystems, but it is limited. Documented data are sporadic and not always consistent. There have been reports of elevated abundances of Pfiesteria spp. and Pfiesteria-like organisms (PLOs) during fish-kill outbreaks (for review, see Burkholder et al., 2001) . By microscopic analysis, PLOs have been detected at relatively high abundances in the Neuse River (940 ± 130 cells mL -1 ) and the Pamlico River (4300 ± 2510 cell mL -1 ) during fish kills (Burkholder and Glasgow, 1997) . In contrast, P. piscicida as well as PLOs were found to occur in Virginia water at relatively low levels . Lewitus et al. (Lewitus et al., 2002) reported general low abundances of PLOs (<20 cells mL -1 ) in South Carolina tidal creeks and found no correlation between PLO abundance and fish mortality. Because P. piscicida is morphologically similar to PLOs, microscopic analyses are unlikely to accurately reflect P. piscicida abundance.
The detection of P. piscicida in the natural environment has become easier since the development of speciesspecific molecular assays (Rublee et al., 2005b) . Pioneering application of molecular techniques has resulted in the discovery of P. piscicida over a greater geographic range (e.g. Rublee et al., 1999 Rublee et al., , 2001 Bowers et al., 2000) . Polymerase chain reaction (PCR) has proven to be a useful technique for detecting and quantifying P. piscicida (e.g. Bowers et al., 2000; Coyne et al., 2001; Saito et al., 2002; Litaker et al., 2003) . Coyne et al. (Coyne et al., 2001 ) used PCR coupled with fluorescent fragment detection technique in a survey of P. piscicida in Roosevelt Inlet, DE, USA. In that study, P. piscicida was detected widely but only in low abundance (<1 cell mL -1 ). This result would ideally be confirmed by broader sampling and an independent molecular marker. Recently, we have shown that PCR based on mitochondrial cytochrome b and the commonly used rRNA provides high specificity and accuracy in measuring P. piscicida abundance (Zhang and Lin, 2002) . For comparison, the more commonly used marker, 18S rDNA (e.g. Bowers et al., 2000; Coyne et al., 2001) , should be included simultaneously in the analysis.
In the current study, we improved our previous labor-intensive time-step PCR technique (Zhang and Lin, 2002) by developing a real-time PCR assay, in which the amplification product is stained with a fluorochrome present in the reaction solution and quantified automatically at the end of each amplification cycle. This quantification is based on standards containing known amounts of the target gene (or cell). Real-time PCR thus has higher sample throughput and theoretically is more reproducible than traditional PCR. With this real-time PCR assay, we investigated the distribution of P. piscicida in estuaries and embayments along the US Atlantic coast (from Maine to North Carolina) and some areas in the Pacific (Chile, Hawaii and Jiaozhou Bay and Xiamen Harbor in China).
M E T H O D Development of real-time PCR assay
Preliminary experiments showed that P. piscicida-specific primers previously designed for time-step PCR (Zhang and Lin, 2002) were not as sensitive in realtime PCR due to the length of the amplicon ($700 bp). Therefore, new primer sets were designed for mtDNA using Beacon Designer version 3.0 software (Premier Biosoft International, Palo Alto, CA, USA): 5 0 -AATCTCAAGAATCAATCATGTTCCAAG-3 0 (forward;PpmtDNAf) and 5 0 -CGGAATCCATTAA AGGTCATTGTC-3 0 (reverse; PpmtDNAr). The forward and reverse primers were located in the upstream non-translated region of the cob gene (GenBank accession number AF357520) that is henceforth referred to as PpmtDNA (expected product size 140 bp). For 18S rDNA, we designed primers essentially identical to the reported P. piscicida-specific 108f and 311r (Oldach et al., 2000) : 5
0 -AGTTAGATTGTCTT TGGTGGTCAA-3 0 (forward) and 5 0 -TGATAGGTCAGAAAGTGATAT GGTA-3 0 (reverse) (expected product size 210 bp, hereafter called Pp18S). Specificity of the primers was determined in PCR with DNA from 19 dinoflagellates used in Zhang and Lin (Zhang and Lin, 2002) , including Pfiesteria shumwayae, Pfiesteria-like organisms (CCMP1827, 1828, 1829 and 1835) and four strains of P. piscicida (CCMP1831, 1834 (CCMP1831, , 1921 (CCMP1831, and 1928 . These primers were used at a final concentration of 150 nM each, and real-time PCR was carried out with SYBR Green Supermix on an iCycler iQ real-time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Forty-five cycles of amplification each consisted of 20 s of denaturation at 958C, 30 s of annealing at 588C and 20 s of elongation at 728C. Amplicon quantity was acquired at the end of each PCR cycle (extension step). At the end of PCR, the number of product was examined by analysis of melting curve. Presence of a single peak indicated a single PCR product. Pfiesteria piscicida abundance was calculated automatically by the system based on the threshold cycle number (C t ) of samples and the correlation between C t and the log of P. piscicida cell number established with a dilution series of standard samples as described above.
Field sample collection
Surface or near surface water samples were collected from Maine to North Carolina (NC) on the US Atlantic coast and the Pacific coasts in Chile, Hawaii and Jiaozhou Bay (Qingdao) and Xiamen Harbor, China (Table I ). In the Neuse River, North Carolina, surface # positive, number of samples in which P. piscicida was detected by either gene; both+, number of samples in which P. piscicida was detected by both PpmtDNA and Pp18S; Total, total number of samples analyzed. Water samples were collected 2 m below surface using Niskin bottles mounted on a CTD rosette in LIS, Chesapeake Bay and Narragansett Bay, and a bucket from other areas. Subsamples of 250 mL from each station were fixed on site with Utermöhl solution (Utermöhl, 1958) at a final concentration of 2% and stored in the dark. Temperature and salinity were measured for all sampling areas using a multi-sensor YSI sonde or a thermometer and refractometer, respectively. Chlorophyll a (Chl a) concentration was measured fluorometrically after acetone extraction. Upon arrival at our laboratory at the University of Connecticut, the samples were stored in the cold room (48C) until analysis within 2 months (mostly within 2 weeks). Water samples were first examined microscopically for the presence of Pfiesteria-like dinoflagellates and then analyzed with PCR assays.
DNA extraction and real-time PCR
After mixing the Utermöhl's preserved samples gently and thoroughly, a 30-mL subsample was taken from each and DNA extracted as follows: the sample was centrifuged (at 3000 Â g for 20 min at 48C) and the supernatant carefully removed. The cell pellet was then resuspended in 200 mL of DNA extraction buffer containing 0.1 M EDTA, 1% SDS and 20 mg of Proteinase K (Invitrogen) and incubated at 558C for 16 h. DNA purification ensued by adding 33 mL each of 5 M NaCl and 10% cetyltrimethylammonium bromide (CTAB, Sigma, in 0.7 M NaCl), incubating the mixture at 558C for 10 min, followed by one chloroform extraction and one phenol/chloroform extraction (250 mL each). To eliminate PCR-inhibitory compounds that often occur in estuarine waters, resultant DNA was further purified twice, using DNA Clean and Concentrator columns (Zymo Research, Orange, CA, USA). DNA yielded from each subsample was dissolved in 30 mL of 10 mM Tris-HCl buffer (pH 8.0) and stored at -208C until PCR assays. Quality of the DNA thus achieved was verified by PCR with universal 18S rDNA primers. One microliter of DNA (equivalent to DNA from 1 mL of water sample) was used for each real-time PCR assay.
Laboratory-cultured P. piscicida (strains NCSU113-3, CCMP1831, 1834 CCMP1831, , 1921 CCMP1831, and 1928 in quantities of 30, 300, 3000 and 30,000 cells were added to 30 mL of filtered and autoclaved seawater collected at Avery Point, at the north shore of LIS, USA, where no Pfiesteria has previously been detected. DNA was isolated following the same procedure as with field samples and dissolved in 30 mL of H 2 O to make a dilution series of 0.1, 1, 10, 100 and 1000 cell mL -1 . This series was then used as the standard DNA for quantification. Pfiesteria piscicida in field samples was quantified using real-time PCR based on the standard curve as described above.
A quality assurance procedure was taken in sample processing. First, two genes were used in parallel in the real-time PCR assay to validate one gene's result with the other's (Zhang and Lin, 2002) . If both genes indicated positive results, and melting curves showed a single product for each, the sample was considered P. piscicida-positive with confidence. If the PCR was negative for both genes, and DNA quality was proven, the sample was considered P. piscicida-negative. If results from the two genes contradicted, the PCR product was sequenced to verify identity. Second, to prevent false-negative PCR results caused by inhibitory compounds common in estuaries, a quality assurance protocol was followed (Zhang and Lin, 2002) . Essentially, when a negative result occurred, an additional PCR was run using a set of universal 18S rDNA primers designed to react with a broad spectrum of eukaryotes Lin, 2002, 2005) . If a PCR product of expected size was generated from the DNA sample, the negative results for P. piscicida-specific PCR were taken to indicate the absence of P. piscicida. In this study, all the field DNA samples following this mentioned procedure indicated positive results for universal 18S rDNA amplification. Third, the potential effect of DNA loss during purification on P. piscicida quantification was minimized by using exactly the same procedure for both the cultured P. piscicida standards and field samples. It was further evaluated by analyzing DNA samples derived from a known amount of laboratory-cultured P. piscicida cells (5 and 50 cells) with the same protocol. Finally, to estimate the potential inhibitory effect of field samples on the accuracy of the realtime PCR, known amounts of pure P. piscicida genomic DNA (equivalent to 5 and 50 cells) were spiked with randomly selected, P. piscicida-negative field DNA samples isolated in this study. The spiked and unspiked samples were subjected to the same real-time PCR assay with both PpmtDNA and Pp18S primers and the results compared.
Cloning and sequencing
Positive results from field samples were considered with caution, especially for samples from locations where P. piscicida had not been reported. In addition to cases of conflicting results from the two genes, products from some templates positive for both genes, even though melting curves had shown single peak, were sequenced to confirm their identity. In those events, PCR products were cleaned by ethanol precipitation and ligated to TA vector (Invitrogen). Four to eight of the resultant clones were sequenced on an ABI Prism 377 automated sequencer using the BigDye Terminator Cycle Sequencing Kit (PE Applied Biosystems, Foster City, CA, USA). Each electropherogram was visually inspected to ensure the accuracy of base calls.
Phylogenetic analysis
To compare the degree of variation in 18S rDNA and cob sequences retrieved from field samples, phylogenetic analysis was performed for those sequences. The sequences were aligned using the CLUSTAL W (1.8) server at the DNA Data Bank of Japan (DDBJ) (http:// www.ddbj.nig.ac.jp/Welcome-e.html) using the default values. PpmtDNA and Pp18S trees were constructed using the neighbor-joining (NJ) method (Saitou and Nei, 1987) , and support for nodes was tested with bootstrap analyses (2000 replications).
Statistical analyses
Differences in P. piscicida abundance between sampling locations and correlation of P. piscicida abundance with environmental parameters were analyzed using Student's t-test of the differences and Pearson's correlation coefficients, respectively (Sokal and Rohlf, 1995) .
R E S U L T S The real-time PCR assay
Species specificity of the primers was verified by positive PCR results for all the four P. piscicida cultures and negative for all the 15 other cultures used in Zhang and Lin (Zhang and Lin, 2002) including P. shumwayae, Pfiesteria-like organisms (CCMP1827, 1828, 1829 and 1835), Karlodinium micrum, Alexandrium tamarense and Prorocentrum spp. With these primers and the PCR conditions described earlier, a strong linear correlation between log(cell number) and C t was obtained (Fig. 1) . The correlation yielded C t = -3.819 log(cell number) + 32.79 for PpmtDNA (r = 0.998; P < 0.01) and C t = -4.801 log(cell number) + 35.833 for Pp18S rDNA (r = 0.999; P < 0.01). These equations allowed detection of as low as 0.1 cell per reaction (equivalent to 3 cells per 30 mL of water) within the dynamic range of cell numbers in the standard curves and even <0.1 cell when the standard curves were extended beyond the dynamic range. This high sensitivity was a result of the high copy numbers of both the mtDNA and 18S rDNA in each cell (Zhang and Lin, 2002 and references therein) .
With the real-time PCR analysis, the effects of potential DNA loss and inhibitors in the field samples on the accuracy of P. piscicida quantification were generally low. When genomic DNA from 5 or 50 cells of cultured P. piscicida was spiked with DNA from field samples (i.e. no P. piscicida was detected in PCR), the results of the unspiked samples (4.6 ± 0.8 and 55.1 ± 8.9 cells) agreed well with the known cell numbers (5 and 50) and did not deviate significantly from those of the spiked samples (5.6 ± 0.9 and 46.9 ± 9.4 cells, respectively; n = 3, P > 0.05 in two-tailed t-test for each pair). Typically, real-time PCR results for the triplicate standard samples were within 3-5% of each other and within 10% from one PCR run to another, demonstrating reasonable uniformity and reproducibility of the assay. The variation between PCR runs was minimized by analyzing a set of standard samples along with each batch of field samples on the same PCR reaction plate.
Overall distribution and abundance of P. piscicida in natural environments
Of the 431 samples analyzed, none or few Pfiesterialike dinoflagellates were observed in 1 mL of subsamples examined under the microscope, indicating low probability of P. piscicida presence. By real-time PCR, a total of 155 water samples yielded positive results, accounting for 36.0% of the total samples analyzed. Forty-two of these samples were positive for both genes, 41 positive for PpmtDNA only and 72 for Pp18S only (Tables I-IV Spatial and seasonal distribution of P. piscicida
In the Neuse River, P. piscicida abundance ranged from 0 to 0.8 cells mL -1 by PpmtDNA and 0-1.1 cells mL -1 by Pp18S, in most cases <1.0 cell mL -1 from both genes ( Fig. 2A) . The highest concentration, 0.8 and 1.1 cells mL -1 by PpmtDNA and Pp18S, respectively, was detected at Flanners Beach in July 2002. In most cases of >0.2 cells mL -1 , both genes gave positive results. In other cases, either both genes yielded negative results or one gene gave a very low level of P. piscicida abundance. Pfiesteria piscicida was less abundant in LIS than in the Neuse River. Of the 76 samples analyzed, only three samples indicated positive results by PpmtDNA and six by Pp18S (Table I , Fig. 2B ). Two of the three PpmtDNApositive and five of the six Pp18S-positive samples were from the western Sound. The highest P. piscicida abundance throughout the study period, 0.13 cell mL -1 , was also observed in the western Sound (Station A4). Overall, P. piscicida was detected mostly in spring and summer (Fig. 2B) .
Sampling in other areas was less extensive, but general results were similar. In Chesapeake Bay, P. piscicida was detected in the abundance of 0-0.6 cell mL -1 by PpmtDNA and 0-0.7 cell mL -1 by Pp18S (Tables I and II) S. LIN ETAL. j DISTRIBUTION AND ABUNDANCE OF P. PISCICIDA piscicida was also detected at the URI campus and various stations in Narragansett Bay (Tables I and  III) , with the highest abundance of 0.3 cell mL -1 detected in Newport. Both genes provided positive results in most cases when P. piscicida abundance was >0.08 cells mL -1 . In Boston Harbor, P. piscicida was detected at all sites from all sampling events (July 2002 , July 2003 and March and May 2004 (Table  IV) . Higher cell concentrations were detected in July of both years (0.2-0.56 cell mL -1 by PpmtDNA and 0-0.1 cell mL -1 by Pp18S), whereas the abundance in March and May was near the detection limit. Most of the >0.1 cell mL -1 populations were detected by both genes. As summarized in Table I , P. piscicida was widespread in Maine and adjacent embayments. Of the 13 stations investigated, P. piscicida was detected from nine by PpmtDNA and six by Pp18S. Only at two stations, Southwest Harbor and Northeast Harbor, was P. piscicida not detected by either gene. As high an abundance as 1.5 cells mL -1 was detected by PpmtDNA and 0.65 cell mL -1 by Pp18S, but the abundance was usually <0.3 cell mL -1 . In most of the >0.1 cell mL -1 cases, both genes gave positive results.
Relationship between P. piscicida abundance and environmental parameters

Temperature and salinity
In the Neuse River, temperature ranged from 4 to 338C, with strong seasonal variability. Within the low detected range of cell concentrations, P. piscicida tended to be more abundant when temperature was 25-308C (Fig. 3A) . Within this temperature range, 20.5% of the 44 samples analyzed tested positive and contained 0.03-0.76 (average 0.21 ± 0.27) P. piscicida cells mL -1 , in comparison with 3.1% of the 64 samples outside the temperature range being positive with a P. piscicida abundance of 0.03 (average 0.03 ± 0.00) cells mL -1 . The difference in average P. piscicida abundance in positive samples within and outside the temperature range was marginally significant (two-tailed t-test, P = 0.05). Correlation analysis indicated a positive relationship between temperature and P. piscicida abundance, though Table I . In the Neuse River, UPP is near the river, and MM is near the ocean. In LIS, A1, A2 and A4 are western stations and K2 is an eastern station.
temperature only accounted for 4.7% of the variation in P. piscicida abundance (i.e. R 2 = 0.047; Table V) . Environmental data from other locations were more limited and did not allow for the analysis of each study site. When data from all other locations were pooled, P. piscicida appeared to be more abundant within the range of 15-258C (Fig. 3D) , though no correlation between abundance and temperature was apparent (Table V) .
Most P. piscicida was detected within the salinity range of 5-20 in the Neuse River (Fig. 3B) , in which 14.8% of the 61 samples in this range were positive with an abundance of 0.03-0.76 (average 0.23 ± 0.29) cell mL -1 . Outside this range, abundance was 0.06-0.11 (average 0.08 ± 0.04) cell mL -1 in the 4.5% positive samples. The difference between the salinity regimes was not significant (two-tailed t-test, P > 0.05). No significant correlation between P. piscicida abundance and salinity was found in the Neuse River, though data pooled from all other locations were marginally significant (P = 0.05) (Table V, Fig. 2E ).
In Hawaii, where no P. piscicida was detected, the temperature at the time of sampling was 258C and salinity was >27. In Jiaozhou Bay (temperate) and Xiamen Harbor (subtropical), China, where P. piscicida was also undetected, either the temperature was low (Jiaozhou Bay, 6.5-8.08C with a salinity of 20.5-31) or the salinity was higher (Xiamen Harbor, 32-33 with a temperature of 17.2-17.48C) than in P. piscicida-positive areas.
Nutrient concentrations
Data were available only for LIS and Chesapeake Bay (partial). In LIS, concentrations of total dissolved inorganic nitrogen (DIN; including NH 4 , NO 2 -and NO 3 -) and phosphate (PO 4 3-) ranged from 0.03 to 6.40 mM (equivalent of NO 3 -, same hereafter) and from 0.053 to 1.38 mM, respectively. The average DIN and phosphate concentrations were 5.32 ± 1.76 mM (n = 13) and 1.46 ± 0.62 mM (n = 13) at Station A2 and 2.32 ± 1.92 mM (n = 10) and 0.72 ± 0.41 mM (n = 10) at Station A4, respectively. Concentrations of DIN and phosphate declined to 0.65 ± 0.44 mM (n = 9) and 0.27 ± 0.12 mM (n = 9), respectively, toward the eastern end of the Sound at Station M3 (east of K2). The highest P. piscicida abundance was detected at a DIN concentration of $4.84 mM and phosphate of 1.06 mM. Pfiesteria piscicida was observed more frequently in the western Sound (A1, A2 and A4) (Fig. 2B ) but was also detected in the eastern Sound where the concentration of DIN was $0.40 mM and phosphate $0.05 mM.
DIN concentrations at stations CCM0069, TRQ0146 and XAK7810 in Chesapeake Bay ranged from 0.21 to 1.82, from 0.55 to 1.08, from 1.34 to 3.08 mM, respectively, during the study period, with an average of 1.19 ± 1.21 mM (n = 8), 0.85 ± 0.26 mM (n = 6) and 2.97 ± 1.71 mM (n = 8), respectively. Phosphate concentration was 0.05-0.18 mM (0.19 ± 0.17 mM, n = 8), 0.04-1.31 mM (0.58 ± 0.58 mM, n = 6) and 0.16-0.73 mM (0.27 ± 0.17 mM, n = 8). Of these stations, P. piscicida was detected most frequently at TRQ0146 where phosphate was Table V. highest, but none was detected at XAK7810 where DIN was most elevated (Table II) . From pooled data of Chesapeake Bay and LIS, no significant correlation between cell abundance and nutrient concentrations was found (Table V) .
Chl a
In the Neuse River, where Chl a concentration ranged from 1.7 to 100 mg L -1 (mostly <60 mg L -1 ), higher P. piscicida abundances coincided with the lower end (10-30 mg L -1 ) of the Chl a concentration range (Fig. 3C) . Within this range, 16.7% of the 60 samples analyzed presented positive results with an abundance of 0.03-0.76 (average 0.22 ± 0.27) cell mL -1 while all 43 samples outside the range indicated negative results; the difference between abundance inside and outside of the chlorophyll range was significant (two-tailed ttest, P < 0.05). In LIS, where Chl a concentration was <30 mg L -1 over the study period, P. piscicida was detected within the range of 5-15 mg Chl a L -1 (Fig. 3F) . In Narragansett Bay, P. piscicida was detected when Chl a concentration was $30 mg Chl a L -1 . However, in Chesapeake Bay tributaries, P. piscicida abundance was sometimes elevated at higher Chl a concentrations. No linear relationship between P. piscicida abundance and Chl a concentration was found for the Neuse River samples. When data from all other locations were pooled, the correlation was marginally significant (P = 0.05), though Chl a only accounted for 6% of the variation in P. piscicida abundance (Table V) .
Genetic diversity
Sequenced PCR products exhibited no organisms that were clearly different from P. piscicida. From each study area where PCR products were cloned and sequenced, most retrieved sequences from the North American Atlantic coast were identical to documented P. piscicida sequences (AF357520 for PpmtDNA and AF149793 for Pp18S). On the phylogenetic tree, these clones were tightly clustered with P. piscicida with no branches (Fig. 4) . All clones from the Neuse River and all but one from Chesapeake Bay, but none from Chile, fell within this cluster. A smaller number of PpmtDNA and Pp18S clones from all P. piscicida-positive areas (except Neuse River) showed slight variability both between different areas and within the same area. These clones formed clusters distinct from the cluster of documented P. piscicida sequences (Fig. 4) . Some of these variable clusters comprised identical genetic clones from all or most of the study areas, including Chile and areas north of Chesapeake Bay and Chile. The variation ranged one to two nucleotide substitutions within the 140-bp PpmtDNA fragment or one to four nucleotide substitutions within the 210-bp Pp18S fragment. Most of these nucleotide substitutions were A!G or C!T transitions (Fig. 5) , and each type of nucleotide substitution was confirmed by the appearance in multiple clones (Fig. 4) . Overall, the sequences of these genetic variants differed from P. piscicida by 0.5-1.9% for Pp18S and 0.7-1.4% for PpmtDNA.
D I S C U S S I O N The PpmtDNA^Pp18S real-time PCR assay
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Pfiesteria piscicida AF357520
RI6 (2) RI1 (5) RI2 (3) RI3 (2) RI5 (1) LIS A2 051403 (4) LIS A4 090902 (4) NC UPP 090402 (4) LIS K2 050503 (4) NC UPP 091702 (4) ME Trenton townline (3) ME York Town (1) BH1 053104 (1) ME Bar Harbor (4) ME Kennebec River (3) ME Sand Beach (4) MD3 (4) MD2 (1) RI3 (1) RI5 (3) RI7 (2) ME Kennebec River (1) RI7 (1) RI7 (1) RI3 (1) BH1 070203 (1) ME Rockland Harbor (2) MD2 (3) RI6 ( for the identification of P. piscicida in low quantities (0.1 cell mL -1 of water sample) when detection by microscopy was not possible (Coyne et al., 2001; Lin et al., 2003) . The specificity of the assay is shown by a series of analyses. PCR with PpmtDNA and Pp18S primers yielded no products for non-P. piscicida species, and both consistently produced positive results for cultured P. piscicida. When applied to field samples, the majority of samples were negative with respect to both genes. The two genes consistently gave positive results in most cases when P. piscicida abundance was higher than 0.3 cells mL -1 . Conflicting results arose between the two genes only when P. piscicida was near the detection limit. In these cases, sequencing of the PCR fragments from one gene confirmed that the detected organisms were the documented genetic clone of P. piscicida or closely related genetic variants. Therefore, no nonspecific PCR products were yielded by this PCR assay. With the general consistency of the two genes demonstrated, it is possible to proceed using only one of these genes with confidence in the future, with the other gene being used occasionally to verify results.
The real-time PCR assay is an improvement from our previous time-step PCR (Zhang and Lin, 2002) because of its high sample throughput. In addition, the quality assurance procedure used in this study has proved important. We encountered a substantial number of water samples that presented negative results in the initial PCR runs. Only with further PCR tests using universal 18S primers did we find poor DNA quality as the cause. The use of a Zymo DNA column during the isolation procedure consistently improved the DNA quality (PCR-amplifiable) for field samples.
Furthermore, the use of P. piscicida cultures spiked and unspiked with field samples facilitated an evaluation of the efficiency of the PCR assay. In addition, running the standard P. piscicida DNA and the field samples in the same real-time PCR plates further reduced variability associated with possible varying PCR efficiencies.
Wide distribution and low abundance of P. piscicida
The results from the present study extend the geographic range of P. piscicida to Maine on the US Atlantic coast and to Los Lagos, Chile on the South American coast, confirming that it is a cosmopolitan plankton species Rublee et al., 2005a,b) . The frequency with which P. piscicida was detected in samples from this study (33.7%) was higher than that found in a previous survey (3%; Rublee et al., 2001) , indicating more common existence of this species in the new areas investigated. In general, the results are consistent with previous studies indicating that P. piscicida is widespread in plankton communities (for review, see Rublee et al., 2005a,b) . The overall low P. piscicida abundance observed in this study (mostly <1 cell mL -1 ) was somewhat surprising, especially in the Neuse River and Chesapeake Bay. It is unlikely that these low cell abundances are an artifact of low PCR efficiency or low DNA recovery rate because the quality assurance procedure as described above has minimized those possible errors. Furthermore, the low detected P. piscicida abundance was consistent with microscopic observation of few or undetectable PLOs in the samples. Similar low abundances have been observed previously for P. piscicida and P. shumwayae. Using a highly specific PCR-fluorescent fragment detection technique, Coyne et al. (Coyne et al., 2001 ) detected <1 P. piscicida cell mL -1 in Delaware Inland Bays. Using a similar realtime PCR technique as used in the present study, we also have detected widespread occurrence and low abundance of P. shumwayae (Zhang and Lin, 2005) . In contrast, Burkholder and Glasgow (Burkholder and Glasgow, 1997) reported abundance of Pfiesteria-like dinoflagellates of over 1000 cells mL -1 in the Neuse River and Chesapeake Bay, and P. piscicida abundance was estimated at 300-10,000 zoospores mL -1 during fish-kill outbreaks . Intermediate levels of P. piscicida and PLOs were detected in Virginia and South Carolina waters Lewitus et al., 2002) . These discrepancies could have resulted from strong interannual and spatial variability in population abundance. More likely, many microscopic counts in the Neuse River and Chesapeake Bay might have erroneously included the counts of the morphologically similar K. micrum (=K. veneficum; Bergholtz et al., 2005) (Fensin, 2004) . Regardless, our findings suggest that P. piscicida widely occurs at background levels even in the Neuse River and Chesapeake Bay, where large populations of P. piscicida and ichthyotoxic effects have been reported.
Relationship between P. piscicida and environmental factors
In general, no strong correlation was found between P. piscicida abundance and environmental factors, likely due to the overall low and narrow range of P. piscicida abundance. Any possible correlation might further be weakened by adaptation of P. piscicida to ambient environmental conditions at different geographic locations. The environmental parameters measured were also incomplete for some sampling locations. Nevertheless, the analysis on the relationship between P. piscicida abundance and environmental conditions based on the limited dataset can still provide some insights into what might be conditions favorable for this species. In general, P. piscicida was detected more frequently and in greater abundances at higher temperatures (25-308C), lower salinity (5-20) and moderate Chl a concentrations (10-30 mg L -1 ). While P. piscicida has been classified as a euryhaline organism (Sullivan and Andersen, 2001 ), a higher temperature and a lower salinity seem to be more favorable than the reverse, which is generally consistent with previous findings (Burkholder and Glasgow, 1997) . The effect of nutrient concentration on P. piscicida abundance remains unclear based on the limited nutrient dataset for LIS and parts of Chesapeake Bay, although P. piscicida was detected relatively more frequently in the more nutrient-rich western section (A1, A2 and A4) than the low-nutrient eastern section of LIS.
How phytoplankton abundance, indicated by total Chl a concentration, affects P. piscicida population dynamics in not well understood. Laboratory culture studies have consistently shown a growth-stimulating effect of algal prey on P. piscicida and PLOs (e.g. Burkholder and Glasgow, 1997; Seaborn et al., 1999; Feinstein et al., 2002; Parrow et al., 2002; Lin et al., 2004) . Total phytoplankton biomass seemed to affect the abundance of field populations of PLOs in the Neuse River, North Carolina (Pinckney et al., 2000) . Interestingly, both a recent (Coyne et al., 2001 ) and the present study failed to observe a positive correlation between P. piscicida abundance and Chl a concentration. One possibility is that P. piscicida growth depends more on a particular type of phytoplankton than the total phytoplankton assemblage (total Chl a). Cryptophyte algae have been recognized as a preferred prey (Burkholder and Glasgow, 1997) , although P. piscicida can subsist on a wide range of prey types Parrow et al., 2002) . Pfiesteria piscicida has been shown to grow rapidly on Rhodomonas sp. (Feinstein et al., 2002; Lin et al., 2004) . Under this scenario, the low P. piscicida abundance detected in the present and recent studies could be attributed to the scarcity of a suitable prey. Another possibility is that P. piscicida population is co-regulated by predation. Potential predation of P. piscicida by zooplankton and other organisms has been demonstrated (Mallin et al., 1995; Stoecker et al., 2000; Stoecker and Gustafson, 2002; Gransden and Lewitus, 2003) . A recent modeling study showed that P. piscicida can be regulated by both top-down and bottom-up controls . Finally, P. piscicida zoospores can transform to cysts and settle to the sediment, which can also explain a low abundance in the water column (Marshall, 1999) . Further studies are needed to determine the relative importance of predation and prey availability as well as encystment in regulating P. piscicida dynamics in the water column.
Genetic diversity
While more genetic clones from all the P. piscicida-positive areas investigated, particularly Neuse River and Chesapeake Bay, were identical to the documented genetic clone of P. piscicida (strain CCMP1831), genetic variability was detected, especially in Chile and areas north of Chesapeake Bay. This is interesting because P. piscicida was originally found in the Neuse River and Chesapeake Bay, and the documented genetic clone was isolated from Chesapeake Bay. Of the genetic variants, some were identical among Narragansett Bay, Boston Harbor, Maine embayments and Chile. The level of genetic variation observed in this study is similar to what has been observed in Delaware (Coyne et al., 2001) . It is unlikely that this variability merely represents the variation among different gene copies within each cell, because at least for 18S, a recent study showed no variation between different strains of cultured P. piscicida, even those with different toxicity phenotypes (Tengs et al., 2003) . In addition, the multiple genomic copies of P. piscicida cob are also identical (Zhang and Lin, 2002) . Although the possibility of these variants being independent species cannot be completely ruled out, we currently consider these variants as intraspecific polymorphic populations because the genetic variation (<2%) is substantially lower than the difference (7%) between P. piscicida (AF149793) and P. shumwayae (AF218805) based on 18S rDNA. Because the mtDNA fragments used to analyze these two species were not on the same region of the gene, no further evidence from this gene is available at this time. Regardless of taxonomic distinction of the genetic clones, the observed common genetic variants in different geographic locations suggest a strong natural selection for these variants or a strong dispersal of the populations along the American coasts. In particular, the detection of genetic clones identical to P. piscicida strain CCMP1831 from all locations except Chile further confirm the wide distribution of this species.
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